Effects of a fluoride-releasing varnish containing surface reaction-type prereacted glass ionomer (S-PRG) filler on dentin demineralization were examined using optical coherence tomography. Bovine incisors that were sliced and treated with undersaturated 0.1 M lactic acid buffer solution (DE group). A thin film of varnish-containing S-PRG filler was applied before demineralization (PRG group). Control was maintained in artificial saliva. Using optical coherence tomography of selected locations on the dentin surface, peak intensity (dB) and width (μm) at 1/e 2 were obtained and integrated values calculated. Although alterations in integrated values were different in each group, there was a slight but not significant increase in those for the control group and a slight but significant increase for the De group. For the PRG group, integrated values were doubled seven days after experiment initiation, followed by a significant increase. Fluoride-releasing varnish containing S-PRG fillers prevented dentin demineralization as detected by optical coherence tomography.
INTRODUCTION
Many techniques have recently been introduced for the detection of demineralization occurring as a result of the caries process. Optical coherence tomography (OCT) has considerable potential for the noninvasive imaging of carious lesions because it obviates the need to remove the surface and eliminates radiation exposure 1) . Time domain OCT (TD-OCT) is a form of OCT that uses lowcoherence interferometry to determine the echo time delay and magnitude of back-scattered light reflected from a transparent or semi-transparent structure. TD-OCT combines light from a low-coherence light source (broadband superluminescent diode) with a Michelson interferometer to produce cross-sectional images of tissue structures generated as a result of interaction between a partially coherent beam of optical radiation and tissue components 2) . This allows it to be more compact and cost effective compared with spectral domain OCT (SD-OCT).
OCT images differentiate the optical properties of tissues, including the effects of both optical absorption and scattering. Accurate determination of optical constants from OCT image data is of key importance in clinical applications because it is these constants that describe the interaction of the optical field with the sample and its fundamental constitution 3) . When light encounters a tooth, four phenomena associated with the interactions of the tooth with light flux occur: specular transmission of the light flux through the tooth, diffuse light reflection at the surface, reflection at the surface, and absorption and scattering of the flux within the tooth 4) . Because areas of demineralization appear with increased reflectivity on OCT images, the most obvious approach is to directly measure the reflectivity from the lesion area and use that value as a measure of lesion severity 5, 6) . When attempting to measure lesion depth and severity, definition of the cutoff point is difficult because of the high dynamic range of reflectivity, particularly with TD-OCT.
The phenomenon of improved tooth retention in old age has inevitably resulted in the increased incidence of dental caries in older adults, particularly root caries 7) . In the geriatric population, root surface caries often advances chronologically at the gingival margin, and it is desirable to prevent the progression of carious root lesions using effective methods 8) . A new fluoride-releasing varnish containing surface reactiontype pre-reacted glass ionomer (S-PRG) fillers to control caries progression has been developed for professional application 9, 10) . S-PRG filler is prepared by an acid-base (glass ionomer) reaction between fluoroaluminosilicate glass and polyacrylic acid in the presence of water to preliminarily form a stable glass ionomer phase within the glass particles 11, 12) . It has been reported that the single-step adhesive containing S-PRG fillers shows ionreleasing ability that leads to fluoride uptake by enamel and dentin adjacent to the adhesive, with corresponding areas showing decreased demineralization after acidic attack 13) . The use of S-PRG fillers promotes rapid fluoride release through a ligand exchange within the prereacted hydrogel 13) . S-PRG fillers have a modulating effect that alters the pH of the surrounding environment to become weakly alkaline when it comes in contact with water or acidic solutions.
The principal objectives of the current study were Fig. 1 Schematic illustration of the TD-OCT system used in this study. The emission light was coupled to a single-mode fiberoptic Michelson interferometer and delivered to both the reference mirror and sample. The reference mirror was mounted on a linearly translating galvanometer driven with a triangular voltage waveform with a fringe modulation frequency of 1 kHz. The light was reflected off the mirror and back onto the retroreflector and reimaged on the reference arm fiber. to demonstrate that TD-OCT is a noninvasive method that can be used to quantify the severity of dentin demineralization and determine the effectiveness of S-PRG filler containing varnish in preventing demineralization. Changes in surface morphology were also observed using laser scanning microscopy (LSM).
The null hypothesis to be tested was that S-PRG filler containing varnish showed prevention of dentin demineralization.
MATERIALS AND METHODS
Bovine incisors from 2-3-year-old cattle were used as a substitute for human teeth. The pulps were removed after the separation of roots with a low-speed diamond saw (Isomet 1000; Buehler Ltd., Lake Bluff, IL, USA). The teeth were sliced into 1-mm sections in the buccolingual direction using the low-speed diamond saw. Each dentin slab was carefully shaped into a rectangular form (4×4×1 mm) with a superfine diamond point (ISO #021; Shofu Inc., Kyoto, Japan) such that the specimen walls were parallel to each other. The surfaces were ground successively on wet #600-2000-grit SiC paper. Specimen thickness and size were measured using a digital gauge micrometer (CPM15-25DM; Mitutoyo, Tokyo, Japan). The composition of the varnish containing S-PRG filler (PRG Barrier Coat; Shofu Inc., Kyoto, Japan) is shown in Table 1 . PRG Barrier Coat is categorized as a two-bottle, self-etch adhesive containing base and active liquids. One group of six specimens was treated with undersaturated 0.1 M lactic acid buffer solution (pH, 4.75; 0.75 mM CaCl 2•2H2O; 0.45 mM KH2PO4) for 10 min and placed in artificial saliva (pH, 7.0; 14.4 mM NaCl; 16.1 mM KCl; 0.3 mM MgCl 2•6H2O; 2.0 mM KH2PO4; 1.0 mM CaCl2•2H2O; 0.10 g/100 mL sodium carboxymethyl cellulose CMC-Na; De group). These procedures were conducted twice daily throughout the 4-week test period, and the specimens were maintained between treatments in artificial saliva at 37°C. For the second group of specimens, a thin film (~10 μm) of the mixed PRG Barrier Coat was painted on, and the specimens were light-irradiated for 10 s with a curing unit (Optilux 501; Kerr Corp., Orange, CA, USA) at an intensity of 600 mW/cm 2 prior to treatment with the demineralizing solution (PRG group). A third group of teeth was simply maintained in artificial saliva for the same time period (control group).
The TD-OCT imaging system used in this study is illustrated in Fig. 1 . The focused light beam was projected onto selected locations and scanned across the area of interest in two dimensions using a probe attached to a mounting device. A superluminescent diode (DLCS3184Bl; DensLight Semiconductors, Singapore) with a central wavelength of 1,310 nm, spectral bandwidth of 40 nm, and optical output power of 7.5 mW was used as the light source. The emission light was coupled to a single-mode fiberoptic Michelson interferometer and delivered to both the reference mirror and sample. The reference mirror was mounted on a linear translating galvanometer driven with a triangular voltage waveform at a fringe modulation frequency of 1 kHz. The light was reflected off the mirror and back onto the retroreflector and reimaged on the reference arm fiber. These signals were then amplified and demodulated by an amplifier. Subsequently, the voltage from the lock-in Fig. 2 Representative B-scan images of dentin surfaces.
The abscissa of the tomograms corresponds to scan depth, while the ordinate corresponds to the vertical measurement position on the tooth surface. A weak and narrow signal without any back-scattered intensity was observed for the control group, with no other changes in the OCT images observed during the test period.
amplifier was converted to a digital signal using a data acquisition board and processed on a personal computer using analysis software (Origin 9, OriginLab Corp., Northampton, MA, USA). The scanning probe connected to the TD-OCT device was set at a fixed distance (2.0 mm) from the dentin surface. The scanning beam was set at right angles to the surface of the tooth and the TD-OCT images (B-scan) were obtained. Changes in dentin surfaces were analyzed on the basis of peak intensity values of OCT images of depth scans (A-scan). Our analyses also calculated the width between points, which is where intensity decreased to a value of 1/e 2 and corresponded to the peak intensity of the line profile. A width of 1/e 2 is equivalent to the distance between the two points, where the intensity falls to 1/e 2 =0.135 times the maximum value. The peak intensity and width at 1/e 2 were obtained for six areas of every sample and averaged. A total of six samples were examined for each group. Calculations of the integrated value (dB·μm) were based on the area of peak intensity as determined by OCT.
The data for each group were analyzed by repeatedmeasures ANOVA followed by the Tukey-Kramer post hoc multiple comparison, with a significance level of 0.05. All statistical analyses were conducted using a software (Sigma Stat Ver. 11; SPSS Inc., Chicago, IL, USA).
Specimens from each condition were treated using the same methods and observed under three-dimensional LSM (VK-8700; Keyence Corp., Osaka, Japan). The excitation light had a maximum wavelength of 658 nm. Both the intensity of the excitation light and the amplification of the photomultiplier were maintained as constant during the investigation period. The image size recorded was 81.5×71.5 μm 2 and the resolution was 1,024×768 pixels. Images were obtained for four different sites on each specimen.
RESULTS
B-scans of the specimens are shown in Fig. 2 . The abscissa of the tomograms corresponds to scan depth (from air side to dentin side), while the ordinate corresponds to the vertical measurement position at the tooth surface. A weak and narrow signal was observed for the control group, with no other changes in OCT images observed during the test period. In the De group, relatively weak signal was visible from the surface of dentin, and the back-scattered light was well above the noise level, leading to a grainy appearance on the OCT image (deeper part of dentin). After 28 days, although an area of strong scattering was visible on the surface of dentin, the back-scattered grainy appearance was very weak. In the PGR group, the signal from the surface of dentin was visible and became broader after 28 days of treatment, with slight back-scattered intensity observed.
Peak signal intensity (dB), width at 1/e 2 (μm), and integrated values (dB·μm) are shown in Tables 2-4 , and representative A-scan modes for each condition are shown in Fig. 3 . Although there were no significant changes in signal intensity and width at 1/e 2 in the control and De groups during the test period, significant changes were observed in the PRG group during the first Although there were no significant changes in signal intensity and width at 1/e 2 for the control and De groups during the test period, significant changes were observed for the PRG group during the first test period (days 0-7). Pronounced morphological changes in the tooth surfaces occurred in the De group, and acidic attack increased the width of the dentinal tubules. In contrast, specimens in the control and PRG group showed relatively minor or no morphological changes, and the dentinal tubules were obliterated after 28 days of treatment.
test period (days 0-7). Different changes were observed in each of the groups in regard to integrated values; the control group exhibited a slight but not significant increase (1,764-2,116), while the De group exhibited a significant increase (3, 412) . Seven days after the start of the experiment, integrated values doubled in the PRG group, following which there was a significant increase from 1,820 to 8,167. Representative LSM images of the dentin specimens (Fig. 4) illustrate the morphological differences between treatments. While no significant differences were seen for control group, pronounced morphological changes in the dentin surface occurred in the PRG group with the PRG varnish having narrowed the openings of the dentinal tubules. In contrast, specimens in the De group showed relatively minor morphological changes, with widening of the dentinal tubules.
DISCUSSION
The present study was conducted to investigate the protective effects of fluoride-releasing varnish, a material that releases multiple ions, on dentin demineralization using TD-OCT. Although there is a consensus that the use of human teeth is more relevant for conducting in vitro studies, bovine teeth were used in this study. The advantage of using bovine instead of human teeth is that the former are easy to obtain in large quantities and in good condition and have fewer enamel composition variables compared with human teeth 14, 15) . Furthermore, bovine teeth have large, flat surfaces without prior caries that can influence our test results. Mineral distribution in carious lesions reported in bovine teeth is similar to that found in human teeth; the structural changes are also similar 16) . In TD-OCT, A-scans are generated by mechanical scanning of the coherence gate along the depth range, while in the spectral domain, SD-OCT is used to recover the A-scan in a single shot 17) . SD-OCT offers several benefits over TD-OCT, including higher sensitivity and exponentially faster scan rates 18) . It should be noted, however, that there are certain disadvantages of SD-OCT, such as the limited depth range related to the finite depth of field of the imaging optics. While TD-OCT is compatible with dynamic focus schemes that can simultaneously scan coherence and confocal gates, the inherently single-shot nature of A-scan acquisition in SD-OCT precludes this. Therefore, TD-OCT continues to have applications where either a large scanning range or high lateral resolution is required, for example, for subsurface carious lesion imaging 19) . Because of the complex and anisotropic nature of tooth substrates, optical properties such as absorption and scattering distribution generally depend on the orientation of their components relative to the irradiating light source 20) . Dentin has a complex structure and comprises three main components: hydroxyapatite, a collagen-based organic matrix, and tubules permeating its entire mass 21) . Collagen fibrils are interwoven and arranged perpendicular to tubules, while apatite crystals tend to be positioned parallel to the long axis of collagen fibrils. The orientation and density of dentinal tubules may affect light scattering through dentin 22) . Light guiding along tubules was due to the magnification/reflection effect 23) , wherein light could propagate within the tubules on the basis of the principle of multiple light-scattering that occurs when light passes through dentin 24) . In this study, dentin was prepared to facilitate the orientation of dentinal tubules parallel to the incident light.
Determination of signal fall-off is very complicated because light is exponentially attenuated during its propagation into the tooth substrate. It was previously proposed that the depth at which there is a decrease of 1/e 2 in intensity can be used to determine the cutoff intensity values 25) ; therefore, we used this criterion in the current study. In addition, to define the changes in the quantity of the tooth substrate, we used the area of peak intensity to calculate the integrated value, signal intensity, and band width at 1/e 2 . As a result, the lower signal intensity with the greater 1/e 2 width noted in the PRG group on day 28 indicates that the OCT signal was generated by light that had traveled along a longer pathway than that traveled by light in the De group samples. Because of the presence of ions from the PRG extraction solution, porosities in the dentin surface will accumulate minerals, ultimately leading to changes in optical properties 26) .
The scanned images include all of the reflected light from the tooth, including surface reflections created by the air-dentin interface. This can mask surface or subsurface scattering and create speckles in the images, leading to higher signal intensity detected on the surface of dentin. In the case of sound dentin, the perpendicular axis signal was relatively weaker because of light scattering and depolarization, whereas in demineralized dentin, the perpendicular axis signal was strong. Therefore, a strongly increased signal in the A-scan serves to represent the severity of demineralization 27) . In the PRG group, a higher peak signal intensity and broader width at 1/e 2 were observed, because of the occlusion of dentinal tubules by the varnish material. On comparing integrated values among the three groups, the values obtained for the De group were higher than for the control group. Dentin surfaces in the control group were covered by a smear layer through which light could not pass. On the other hand, such smear layer was removed from specimens in the De group due to the immersion into acidic solution. The varnish material produced a uniform and smooth surface, with occluding of dentinal tubules compared with that in the De group. These characteristics may have been caused by the presence of Si and F ions in S-PRG filler and consequent mineral deposition above the dentin surface and dentinal tubules, leading to much higher integrated values over time 28) . The varnish containing S-PRG fillers was developed for the purpose of producing a material exhibiting both structural strength and ion-releasing ability. It has been reported that a newly developed all-in-one adhesive system containing S-PRG fillers was able to form an caries inhibition layer that provided acid resistance around restorative materials 29) . S-PRG technology forms a stable glass ionomer phase only on the surface of multifunctional glass particles, thus maintaining their basic properties and size. In addition to F − , S-PRG fillers release Al 3+ , BO3 3− , Na + , SiO3 2− , and Sr 2+ ions. Silicate and fluoride are known to be strong inducers of remineralization of the dentin matrix 30) ; strontium and fluoride also improve the acid resistance of teeth by acting on hydroxyapatite to convert it to strontium apatite and fluoroapatite, respectively 31) . Hydrated silica gel has sufficient silanol groups to induce apatite nucleation on its surface; nucleation then proceeds by extraction of Ca and P from the surrounding environment 32) . Another report suggested that Si released from bioactive glass particles is absorbed on the substance, thus providing sites for heterogeneous CaP nucleation 33) . Within the limitations of this in vitro study, it can be concluded that the fluoride-releasing varnish containing S-PRG fillers has the ability to prevent dentin demineralization. Ions released from the filler, such as Al, B, F, Na, Si, and Sr, may improve the acid resistance of teeth. In addition, TD-OCT was successfully used to track the development of demineralization and test the effectiveness of the varnish in preventing demineralization.
